We have determined the distribution and form of the neural cell adhesion molecule (NCAM) in the chick hindlimb from initial axon outgrowth (stage 174) until 3 days posthatching by immunohistological staining and sodium dodecyl sulfate-polyacrylamide gel electrophoresis immunoblots. Axons stained intensely for NCAM at all ages, whereas nonneuronal limb components exhibited dynamic changes in staining. Mesenchymal cells in the sclerotome adjacent to the neural tube developed NCAM immunoreactivity in an anterior-posterior sequence which correlated with the sequence of axonal outgrowth. Low to moderate amounts of NCAM were detected within and surrounding presumptive nerve pathways, consistent with a permissive role for NCAM in axon extension, but not with a precise delineation of pathway boundaries. On myotubes immunoreactivity for NCAM remained low from stage 26 to 30 when it increased dramatically in both aneural and control limbs, indicating that its appearance is not triggered by nerve-dependent activity or trophic interactions. The increase was temporally associated with muscle cleavage and may encourage subsequent axon ramification as well as synaptogenesis. Staining remained high on muscle fibers during secondary myotube formation and only declined during the week before hatching when polyneuronal innervation is withdrawn and the mature synaptic pattern becomes stabilized. This loss of muscle NCAM occurred first on fast and then on slow muscle fibers. Together these results suggest that the timing of innervation may be controlled by the muscle, through NCAM expression, but that the subsequent suppression of muscle NCAM may occur as a result of nerve-mediated activity. o 1986 Academic Press, Inc.
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During development, axons in various parts of the peripheral nervous system must extend axons over relatively long distances to reach their appropriate targets; many do so by following highly reproducible pathways (Lance-Jones and Landmesser, 1981b; Lewis et al, 1981; Raper et al, 198313) with considerable precision (Landmesser, 1978; Lance-Jones and Landmesser, 1981a; Raper et al, 1983a; Hollyday, 1983) . The axonal growth cone accomplishes this by responding to a number of guidance cues in the intervening environment and by stopping and forming a synapse once the target is encountered.
In the chick limb, pathway selection and synaptogenesis have been shown to be highly selective Morris, 1975, Lance-Jones and Landmesser, 1981a; Hollyday, 1983; Tosney and Landmesser, 1985a) and for motoneurons these processes have been analyzed following a variety of experimental perturbations (Lance-Jones and Landmesser, 1980a Landmesser, ,b, 1981b Lewis et al, 1981; Summerbell and Stirling, 1981; Hollyday, 1981; Whitelaw and Hollyday, 1983a,b) . These studies have led to the proposal that in the limb there is a dual system of axon guidance features. One is a relatively nonspecific set of "public" pathways down which all axons prefer ' To whom requests for reprints should be sent.
to grow (such as the substrate pathways proposed by Singer et al. (1979) and Katz and Lasek (1979) ). It is these pathways that are believed to create the stereotyped anatomical nerve pattern (Lewis et al, 1981; LanceJones and Landmesser, 1981b; Tosney and Landmesser, 1984) . Such "public" pathways appear to be sensed by all growth cones, since even foreign motoneurons will follow them (Hamburger, 1939; Hollyday, 1981; LanceJones and Landmesser, 1981b; Straznicky, 1983) . A second set of specific cues is required to explain the ability of different subpopulations of motoneurons to select their individually appropriate pathways or targets (Lance-Jones and Landmesser, 1980b Landmesser, , 1981a . Both forms of guidance can contribute to the final precision of innervation; the substrate pathways bring axons into regions where they then can respond to relatively local specific signals (Lance-Jones and Landmesser, 1981b; Summerbell and Stirling, 1981) .
Although many different mechanisms have been postulated to contribute to selective axon guidance and synapse formation, adhesive interactions between the growth cones and their environment have always been assigned a central role (Letourneau, 1975; Bray, 1982; Bentley and Keshishian, 1982; Nardi, 1983; Silver and Rutishauser, 1984; Bentley and Caudy, 1983; Berlot and Goodman, 1984) . In the chick optic system, adhesive interactions between retinal ganglion cell growth cones and glial end-feet have been shown to be mediated at least in part by a neural cell surface adhesion molecule, NCAM, and thereby to contribute to the guidance of optic axons to the tectum (Silver and Rutishauser, 1984) .
In addition to axon-glial interactions, NCAM has been shown to promote adhesion not only between neurons (Rutishauser et aL, 1978; Rutishauser and Edelman, 1980) but also between neurons and myotubes (Grumet et aZ., 1982; Rutishauser et aZ., 1983) .
In view of the potential contribution of NCAM-mediated adhesion to both axon guidance and target interactions, we have used histological staining methods to define the spatial and temporal expression of NCAM in the chick hindlimb from the time of initial axon outgrowth through hatching. In this preparation the distribution of NCAM appeared at least in part to define both a system of public pathways and also to modulate the interaction of axons with their targets. A brief report of these findings has appeared previously (Tosney et ah, 1985) .
MATERIALS AND METHODS

Immunostaining
Staining of tissue was carried out with a mouse monoclonal antibody that recognizes an extracellular polypeptide-dependent determinant on chicken NCAM (Thanos et aL, 1984) . This antibody reacts well with the 120-, 140-, and 180-Da forms of the NCAM polypeptide regardless of their degree of sialylation (U. Rutishauser and M. Watanabe, unpublished observations) . The antibody is specific for NCAM as judged by its ability to isolate this molecule in pure form from a Nonidet P40 extract of whole brain tissue.
White leghorn chicken embryos of various ages were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) at pH 7.2 for l-2 hr. They were then washed in three changes of PBS for 30 min each, impregnated with 20% sucrose for 3-12 hr depending on the age of the tissue, and then frozen in Tissue-Tee OTC compound. Sections were cut at a thickness of lo-12 pm and dried for at least 30 min on gelatin-coated slides. The sections were then stained by sequential incubation in (a) 10 pg/ ml monoclonal anti-NCAM in PBS containing 1 mg/ml bovine serum albumin for 1 hr; (b) three 15-min rinses in PBS; (c) a 1:200 dilution of fluorescein isothiocyanate (FITC)-labeled goat anti-mouse immunoglobulin G (IgG) (Sigma) or a 1:150 dilution of peroxidase-labeled goat anti-mouse IgG (Sigma) for 30 min, (d) three 15-min rinses in PBS; (e) in the case of the peroxidase-labeled second antibody, sections were then reacted with a 0.25 mg/ml solution of diaminobenzidine in Tris buffer containing 0.005% hydrogen peroxide for 15-30 min followed by two 15-min rinses in PBS. The stained sections were mounted in glycerol and observed by bright-field and Nomarski optics in the case of peroxidase-labeled second antibody, or epifluorescence in the case of the FITC-labeled second antibody. At least four embryos were observed for each stage using the staging criteria of Hamburger and Hamilton (1951) . For controls adjacent sections were stained with either a monoclonal antibody against Drosophila yolk or the 1" or 2" antibody was omitted. Such controls exhibited virtually no staining (see Fig. 1 ).
It should be noted that in all cases where the intensity of NCAM staining was compared at different times or different regions, the two sections to be compared were incubated at the same time in the same antibody-containing solutions for at least two embryos. They were photographed at the same exposure and printed under identical conditions. The differences that are described were obvious and reproducible from embryo to embryo.
Since NCAM is a cell-surface membrane protein, changes in the intensity of immunostaining in our tissue sections could have been caused by either a change in the amount of NCAM per unit area of membrane, or a change in the amount of membrane per unit cross-sectional area. We therefore only compared regions in which membrane packing density was similar. Furthermore, the major intensity change we observed was resolvable at the level of individual myotube and muscle fiber, and could not therefore be explained by changes in membrane packing density.
Another factor that could affect staining is the availability of different epitopes on the NCAM molecule. Given that there are multiple forms of NCAM, the availability of different epitopes might vary between tissues and different developmental stages. However, we have carried out our study with a monoclonal directed against the relatively invariant extracellular portion of the molecule, minimizing this potential problem.
To determine the course of NCAM expression in limbs in the absence of nerves, the lumbosacral neural tube was removed from 30 stage 16-17 embryos under sterile conditions (see Lance-Jones and Landmesser, 1980a,b, for additional details of the operative procedure). The eggs were resealed and returned to the incubator until stages 30-36. Completeness of neural tube removal was confirmed by dissection and by electrical stimulation of cord anterior and posterior to the deleted region of cord. Contractions to stimulation were obtained in only a few cases and were confined to the most posterior ventral thigh region. Some of the embryos were frozen and stained with anti-NCAM as described above. In others, aneural muscle was dissected for the immunoblot procedure described below.
NCAM staining was correlated with the distribution of fast and slow muscle fibers, determined in a separate study using myosin ATPase staining (Vogel and Landmesser 1986 ; see also McLennan, 1983) . There are striking regional differences in the distribution of fast and slow muscle fibers in most muscles of the chick thigh (McLennan, 1983; Vogel and Landmesser, 1986) , facilitating this comparison.
Electrophoretic Analysis of Tissue NCAM Brain, retina, and breast muscle from lo-to ll-dayold embryonic chicks (stages 35-36) were dissected on the day of sample preparation for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970) and stored frozen in buffered Tyrode's at -20°C. The sciatic plexuses of embryos, together with distal spinal nerves and proximal sciatic nerve trunk, were dissected with sharpened tungsten needles, and freed of adherent mesenchyme at three different stages (stages 28-30,30-33, and 40) . Nerve-free regions of muscle were dissected in a similar manner. In other embryos in which the neural tube had been previously removed, all muscle tissue was dissected free from cartilage and overlying connective tissue.
All analytical procedures were carried out on ice (O-4'C) except where indicated. Tissues were pelleted, solubilized in 10 volumes of Nonidet-P40 (NP-40) buffer (0.5% NP-40, 0.8% NaCl, 0.02% KCl, 0.02% KH2P04, 0.015% NazHP04 by sonication and incubated overnight with rotary mixing with beads (Bio-Rad, Affi-Gel 10) coupled to the anti-NCAM monoclonal antibody described above. The beads were then washed five times with NP-40 buffer and boiled for 3 min in an equal volume of 2X sample buffer (0.0625 MTris buffer at pH 6.8, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.001% bromphenol blue). The proteins were separated on 7% polyacrylamide gels by SDS-PAGE (Laemmli, 1970) and transferred to nitrocellulose filters (Schleicher and Schuell, 0.45 pm) by electrophoresis (Hoefer, TE 42 Transphor with the power supply TE 51 set at 0.5 amps for 12 hr). The NCAM on the nitrocellulose was detected using an indirect radioimmune staining procedure (Towbin et al., 1979) with modifications described by Johnson et al. (1984) . Briefly, the filters were incubated with rabbit antisera directed against embryonic chick brain NCAM (Thanos et aL, 1984) , washed extensively, and then incubated with ['251]goat anti-rabbit IgG (New England Nuclear, 94 &i/ml). The bound radioactivity was detected using X-Omat AR X-ray film with an enhancing screen (Swanstrom and Shank, 1978) .
RESULTS
The monoclonal antibody against NCAM used in these studies reacts with all the described polypeptide and glycosylated forms of this molecule. This antibody stained neurons intensely in the chick limb throughout the developmental ages studied (stage 18-3 days posthatching). It also stained muscle and premuscle mesenchyme in a dynamic age-dependent manner as described below.
The range and specificity of staining for NCAM is illustrated in Fig. 1 , which represents a transverse section through the adductor region of a stage 32 limb. At this stage, NCAM staining occurs on both the developing myotubes as well as the intramuscular nerve branches (Fig. lA, arrows) which at this time are beginning to ramify within the individual muscles (Tosney and Landmesser, 1985a ). An adjacent control section in which the primary monoclonal antibody was directed against an irrelevant antigen, Drosophila yolk, showed no staining (Fig. 1B) . Staining was also absent when the primary anti-NCAM antibody or the secondary antibody was omitted (not shown). Figure 1C represents a more distal section through the same muscle that has been stained by a mouse monoclonal directed against a neurofilament component (kindly supplied by H. Tanaka). By comparing Figs. 1A and C, it can be seen that the intensely stained profiles visualized within the muscle by the NCAM antibody are indeed intramuscular nerve branches.
The main events in axon outgrowth will first be briefly described as a context for our observations. Between embryonic stages 18 and 234, axons from chick lumbosacral motoneurons grow out of the spinal cord and collect at the base of the limb forming the anterior crural plexus and posterior sciatic plexus (Lance-Jones and Landmesser, 1981a; Hollyday, 1983; Tosney and Landmesser, 1985b) . Sensory axons emerging from the dorsal root ganglia join with the motor axons at the limb base after a slight delay (Tosney and Landmesser, 1985a; Landmesser and Honig, 1986) . Following a "waiting period" of approximately 24-48 hr in the plexus region, axons invade the limb bud and (by stage 24) make a highly specific choice projecting down either the dorsal or ventral major nerve pathway. Subsequently (stages 26-27), specific groups of axons diverge from these major nerve trunks forming cutaneous and muscle nerves (Lance-Jones and Landmesser, 1981a; Honig, 1982; Hollyday, 1983; Tosney and Landmesser, 1985a,b) . Thus by stage 27 the highly specific projection pattern of motor and sensory neurons has been formed.
NCAM Expression along the Spinal Nerve Pathway
Chick lumbar motor axons first leave the cord at stages 18-19 and grow rapidly through the sclerotomal portion of each somite to collect at the base of each myotome. There is an obvious anterior-to-posterior progression in initial outgrowth so that by approximately stages 19- 20 the more anterior lumbosacral spinal nerves (LS 1, 2, and 3) have reached the plexus region, while more posterior ones (LS '7 and 8) have yet to exit from the cord (Tosney and Landmesser, 1985b) . Axons normally appear to grow only through the anterior half of each somite. Following embryonic surgery to alter somite position with respect to the cord axons still grow through the original anterior portion of each somite (Keynes and Stern, 1984) .
The patterns of staining for NCAM were therefore determined in several stage 18-19 embryos, and a representative example is shown in Fig. 2 . In this embryo at the level of LS 3 ( Figs. 2A and B) , there was definite NCAM immunoreactivity on both axonal profiles and on mesenchyme cells in the sclerotome region that lay along the course of the prospective nerve pathway. There was also intense staining along the inner surface of the myotome which is shown more clearly in Figs. 2C and F.
A more posterior section from the same embryo at the level of LS 5 (Figs. 2C and D) revealed moderately stained mesenchyme cells and a few intensely staining profiles (straight arrow) which appear to be the first axons to emerge from the neural tube. At yet more posterior levels (Figs. 2F and G) no axons have emerged although an intensely stained cluster of cells occurred at the most lateral margin of the spinal cord. The sclerotome cells immediately adjacent to the spinal cord at this level exhibited weak staining that was clearly less intense than that at more anterior levels. There is a decline from anterior to posterior in the number of sclerotome cells staining for NCAM as well as the intensity of staining which is similar to the temporal pattern of axon emergence from the cord.
Since the anterior portion of each somite has been shown to be a preferred substratum for axon outgrowth (Keynes and Stern, 1984) we determined if there was a differential distribution of cells which stained intensely for NCAM between the anterior and posterior portions of each somite. A sagittal section from a stage 171-18 embryo through a series of lumbar somites close to the neural tube (Fig. 3A) shows distinct clusters of intensely staining profiles in the anterior half of each somite. The number of these profiles and their maximal distance from the spinal cord decreased from more anterior to more posterior somites.
Since stage 17-18 is earlier than axonal outgrowth had been reported at this level based on orthograde horseradish peroxidase (HRP) labeling (Tosney and Landmesser, 1985a,b) we considered that these profiles (shown at higher magnification in Figs. 3B and C) might be part of a nonneuronal substrate pathway for axons. However, preliminary studies (L. Landmesser and H. Tanaka, unpublished observations) in which adjacent sections were stained with anti-NCAM or with antibodies directed against either a neurofilament or a motoneuron specific cell surface antigen (Tanaka and Obata, 1984) revealed that staining with these antibodies was essentially coextensive. Specifically, NCAM immunoreactivity was not observed more distally than the immunoreactivity for either of the other antibodies. This strongly suggests that the profiles which stain intensely for NCAM are the earliest axons to leave the spinal cord, and that enhanced NCAM immunoreactivity does not appear to delineate the paths that they will follow.
We also observed low but distinct staining of other cells in the sclerotome (see Figs. 2A-D). This staining was relatively broad along the dorso-ventral axis and would appear to encompass the trajectory taken by motoneurons in the limb (Fig. 2D , curved arrow) as well as the trajectory taken by the small number of motoneurons in each segment that diverge from the spinal nerve pathway to innervate the myotome (Tosney and Landmesser, 1985b,c) . We did not observe any difference in intensity of this staining between the anterior or posterior half of each somite (Figs. 3B and C), but, as noted above, there was a clear diminution of the intensity of staining along the anterior-posterior axis, and at stages 171, staining at posterior lumbar levels was weak to absent (Figs. 2F and G) . This low-level background staining was confined to each somite, the intersomitic regions which have been shown to contain fibronectin (Rogers et ab, 1983 (Rogers et ab, , 1984 being devoid of NCAM immunoreactivity (Figs. 3A-C). Similar low levels of NCAM immunoreactivity were found in the plexus region at these stages (17-19) (Figs. 2C and E) and in the limb mesenthyme just distal to it (not shown). There was therefore no obvious difference in staining for NCAM between plexus and limb regions during the period when axons appear to delay their advance and wait in the plexus (stages 184-23) (Tosney and Landmesser, 1985b) .
NCAM Expression at the Time Axons Invade the Limb Bud
Motor axons stained intensely for NCAM during the period that axons grow from the plexus region into the limb to form the major nerve trunks and muscle nerves (stages 24-26). In contrast, only weak staining was observed on mesenchyme cells and early forming myotubes that surround the axons. As shown in the stage 25 embryo in Fig. 4B , the main crural nerve trunk just distal to the crural plexus stained intensely. These neurites, followed in serial sections to their termination sites in the dorsal thigh (Fig. 4C) , displayed uniform NCAM immunoreactivity throughout their length. More distal sections did not reveal any enhanced staining for NCAM in advance of the nerve trunk (Fig. 4D) . Although there was moderate to weak staining for NCAM throughout transverse limb sections, there was no obvious pattern of more intense staining delineating the prospective major nerve trunks (indicated by arrows in the low magnification cross section of the limb bud shown in Fig. 4A) .
A view closer to the spinal cord and just proximal to the point where the spinal nerves converge to form the plexus is shown in Fig. 5A for a stage 27 embryo. The ventral roots and spinal nerves just ventral to the moderately stained dorsal root ganglia have intense NCAM immunoreactivity as does the myotomal portion of the somites (dorsally), which are by now differentiating into axial musculature.
When we examined the spinal nerves in stage 25-27 embryos just distal to the point where sensory and motor components join, we consistently noticed that the dorsal part of the nerve, which contains primarily sensory axons, stained less intensely than the ventral portion of the nerve, which contains motor axons (Fig. 5C ). Since NCAM is localized in the axolema, differences in axonal packing density could contribute to this differential staining. However, staining with a monoclonal antibody to a cell surface antigen common to both sensory and motor axons (Tanaka and Obata, 1984) does not result in similar differences in staining intensity (L. Landmesser, unpublished observations). Furthermore, at these stages dorsal root ganglia also exhibit weaker staining than the lateral motor column ( Fig. 4B ; see also Thiery et aZ., 1982) , although both have a similar cell packing density. Thus, it appears that sensory axons at these stages have less NCAM on their surfaces than motor axons. The Onset of NCAM Expression in Muscle Muscle nerves are formed by divergence of axons from major nerve trunks at stage 26. These muscle nerves penetrate the differentiating primary muscle masses which initially consist of condensed mesenchyme and by stages 264-27 form some functional synapses (Landmesser, 1978; Lance-Jones and Landmesser, 1981a) . However, there is a marked delay in axonal ramification within the differentiating muscles. Orthograde HRP labeling revealed that most motoneuron growth cones and termination sites were found within these major muscle nerves or in muscle regions immediately adjacent to them, as late as stages 28-29. Only at stage 30 did axons appear to ramify within the differentiating muscle to any extent (Tosney and Landmesser, 1985a) . This observation has been confirmed by using a neurofilament antibody (L. T. Landmesser, unpublished observations). In the present study we observed a temporal correlation between this ramification and the onset of intense staining for NCAM on differentiating myotubes. Figure  6 shows NCAM immunoreactivity for the iliofibularis and posterior iliotibialis muscles, at stages 28 and 30. At stage 28, these two muscles have not yet fully cleaved (their presumptive border is marked by an arrow in Fig.  6A ) and there is only weak to moderate staining for NCAM on myotubes. The myotubes with most intense staining were located in the region surrounding the peroneal trunk of the sciatic which abuts against the medial surface of the iliofibularis. It is in fact in this region that most nerve terminals are found at this stage following orthograde labeling with HRP (Tosney and Landmesser, 1985a) . In contrast, by stage 30 (Fig. 6B) , both muscles have fully cleaved and myotubes throughout them stain intensely for NCAM. The regions between muscles have only weak staining for NCAM. All muscles exhibited intense staining for NCAM by stages 30-31; we did not notice any marked temporal differences in the increase in staining intensity between different muscles, including those that develop into either fast or slow muscles.
Staining for NCAM continues to become more intense until by stage 34 (Fig. 7A) it brightly outlines each myotube. By this time many motoneurons have interacted with the myotubes, forming functional synapses (Landmesser and Morris, 1975; Bekoff, 1976; sclerotome. Staining for NCAM is especially weak in the dorsal region of the sclerotome. (E) A higher magnification view of the plexus region (indicated by small distally pointing arrow in (C)) shows weak to moderate staining for NCAM on most cells in this plexus region where axons will undergo a waiting period for some 48 hr before continuing into the limb. 1978), and the period of motoneuron cell death is underway (Hamburger, 1975; Chu-Wang and Oppenheim, 1978) . In order to determine whether the increase in NCAM immunoreactivity is triggered by the nerve, we created aneural limbs by removing the entire lumbosacral cord at stages 17-18 (prior to axon outgrowth). We found, as shown by the stage 34 aneural muscle of Fig. 7B , that NCAM immunoreactivity increased over the same time course and was not noticeably different from controls. Therefore the increase in NCAM on myotubes does not appear to be triggered by a neural trophic factor or by functional activity of myotubes.
Decreased NCAM Expression in Muscle
around Hatching Staining for NCAM became intense on muscle fibers during the period when motor axons are forming numerous synapses. Although NCAM expression continues on mature neurons, it declines markedly in mature muscle when nerve-muscle relationships have stabilized (Couvalt and Sanes, 1985; Rieger et aZ., 1985) . However, in all vertebrate muscles, there is an intervening period of considerable plasticity, during which motor axons make and break connections (see Van Essen, 1982, for review) . This period of polyneuronal innervation followed by subsequent withdrawal of supernumerary inputs takes place in the first week after birth in rats (Brown et ak, 1976; Thompson, 1983) and around the time of hatching in chicks (Bennett and Pettigrew, 1974; Srihari and Vrbova, 1978; Pockett, 1981) . Since changes in NCAM levels might be implicated in this process, we decided to determine when NCAM levels decreased in the chick.
We found that NCAM immunoreactivity on myotubes remained high until stages 39-41 on all muscles. The stage 39 posterior iliotibialis muscle in Fig. 8A illustrates It was immediately apparent that unlike its onset, the decline in staining for NCAM did not occur synchronously in all muscles. By 3 days posthatching, moderate to weak staining for NCAM was seen on the surface of most myotubes in predominantly slow muscles, but was reduced or absent in fast muscles. Figure 9 illustrates this point by showing the boundary between the predominantly slow external adductor and predominantly fast internal adductor (Vogel and Landmesser, 1986 ) at 1 day prior to hatching (stages 44-45) and 3 days after hatching. Although staining for NCAM is more intense this point. However, from stage 42 on, staining declined, and by 3 days posthatching, was essentially absent from this muscle (Fig. 8B ) except for preterminal neurites and synapses (see also Couvalt and Sanes, 1985; Rieger et al., 1985) . A cross section of nerve lies adjacent to the muscle and reveals the very intense NCAM immunoreactivity of the axons. The few intensely staining profiles in the muscle appear to be axons or nerve terminals. The decline in NCAM staining is thus temporally correlated with the withdrawal of polyneuronal innervation and stabilization of the adult synaptic pattern, which in the ambiens of the chick thigh, and presumably in other thigh muscles as well, occurs between stage 42 and hatching (Pockett, 1981) . can be seen to outline the myotubes in both muscles, there being no obvious difference in the timing of onset or intensity of NCAM expression in aneural muscles. Calibration bar = 100 pm.
on slow adductor muscle fibers at stage 45, at both stages there is a clear difference in NCAM staining between the two heads of the adductor. By stage 45, NCAM immunoreactivity is already markedly diminished in the fast adductor. However, some other fast muscles (i.e., posterior iliotibialis) still had moderate levels of staining at this time. By 3 days posthatching, staining on all fast myotubes had declined to undetectable levels, whereas slow muscles exhibited weak but obvious staining. With the exception of fast and slow muscle fibers described above, there was within a muscle no obvious correlation between the decline in staining for NCAM and the age of a given muscle fiber. In a fast muscle, such as the posterior iliotibialis, NCAM immunoreactivity declined from all muscle fibers more or less synchronously. Thus, primary myotubes which were present at stage 30 exhibited a decrease in staining for NCAM at the same time as secondary myotubes which were generated a week or more later.
Electrophoretic Properties of NCAM from the Developing Limb
These studies were carried out to confirm biochemically the presence of NCAM in the tissues which were studied by immunocytochemistry and also to determine the form of NCAM in the limb system during several developmentally important time periods. Both muscle and nerve tissue were dissected from embryos at different stages and immunoblots were prepared as described under Materials and Methods. In Fig. 10 , immunoblots from these tissues (Figs. log-k) can be compared with the more heavily sialated brain NCAM (Figs 10a and b) , and the less heavily sialated forms in breast muscle (Figs. 10~ and d) , and retina (Figs. 10e and f) .
By stages 28-30, neuronal growth cones have grown into the limb and selected appropriate muscle nerves with considerable precision but have not yet ramified within the muscle to any extent (Tosney and Landmesser, 1985a ). Neuronal or "plexus" NCAM appears at this stage as a diffuse band extending from 140,000 to 200,000 M, (Fig. lOj) , and is thus intermediate in migration between the more heavily sialated brain form (Figs. 10a  and b ) and the less heavily sialated muscle (Figs. 10~ and d) or retinal (Figs. 10e and f) forms. There was no change in the form of plexus NCAM during the next few stages, when axons begin to diverage from each other and ramify within the developing muscles (Figs. 1Oi and  j) . By stage 40, however, when the major period of synapse formation is complete, plexus NCAM becomes less sialated. In addition to a distinct band at 140 kDa, the plexus NCAM also includes a 120-kDa component which may be characteristic of NCAM from glial cells (Goridis et cd., 1983) .
As with nerve, muscle NCAM did not change appreciably in form between stages 28 and 30 (Fig. log) and stages 32 and 33 (Figs. log and h), and gave an electrophoretic pattern similar to 1Bday (stage 38) breast muscle (Figs. 10~ and d) , with diffuse staining from 140,000 to 200,000 M, and a more intense band at about 140,000 M,. Therefore the form of NCAM was similar before, during, and after innervation.
DISCUSSION
Our observations provide interesting correlations between the distribution of staining for NCAM and developmental events in limb innervation. While such correlations alone cannot establish causality we will discuss our observations as they relate to speculative yet testable hypotheses of how NCAM may function in each of five events that appear to contribute to the establishment of chick hindlimb innervation: (a) growth from the spinal cord to the plexus region, (b) specific deployment of axons in the plexus region and where muscle nerves diverge, (c) fasciculation to form nerve trunks, (d) ramification of axons within the target, and (e) stabilization of synaptic interactions.
Pathway Guidance
It has been suggested that a system of pathways exists within the vertebrate limb that are preferred substrata for axonal elongation (Lance-Jones and Landmesser, 1981b; Lewis et ah, 1981; Landmesser, 1984, 1985b) . These pathways would define the gross anatomical pattern of nerve outgrowth and lead growth cones into regions where they could respond to specific cues. If NCAM alone delineates these pathways, we would expect it to appear within the pathways before nerve outgrowth and to be absent or at reduced levels in adjacent axon-refractory regions, as has been observed in the chick retinotectal system (Silver and Rutishauser, 1984) . By these criteria, our observations suggest that while NCAM may be necessary for axon outgrowth and control the temporal sequence in which axons leave the cord it does not by itself precisely define substrate pathways. Keynes and Stern (1984) have shown that the earliest axons prefer to grow through the anterior portion of each somite, and that it is the somite that imposes the segmental pattern of spinal nerves. We have not observed any clear differences in NCAM staining within each somite correlated with this preference. Similarly, within the limb, we did not observe an increased inten- FIG. 9 . Temporal differences in the decrease of NCAM on fast and slow muscle fibers. The border (indicated by arrows) between the slow external (right) and fast internal (left) adductor muscles runs diagonally across these transverse sections at (A) stage 45 and (B) 3 days posthatching. At both stages, the entire circumference of most of the muscle fibers in the slow adductor exhibits moderate immunoreactivity for NCAM, whereas such staining is reduced or absent on the muscle fibers of the fast muscle. More intense patches of immunoreactivity for NCAM in both muscles probably correspond to synaptic regions. The electrophoretic mobility in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of NCAM from aneural limb muscle from stages 28 to 30 (g) and 354 (h) embyros were similar to each other and to that of NCAM from breast muscle (c, d) and retinal tissue (e, f). There is no evidence for changes in the form of NCAM in limb muscle during the stages when immunohistological staining intensities suggest an increase in the amount of NCAM. The properties of NCAM from plexus at stages 28-30 (i) and 32-33 (j) were also similar, appearing as a broad band at the same M, range as limb muscle NCAM but without intense bands. By stage 40, however, the NCAM from the plexus (k) migrated in a lower M, range and included several discrete bands, one at 120,000 M, and another at 140,000 Mr. Brain NCAM (a, b) migrated as a broad, diffuse band at a higher M, range than muscle, retina, or plexus and exhibited no intensely stained bands. The component at 50,000 M, is the monoclonal antibody which is released from the beads during the sample solubilization for SDS-PAGE and recognized by the cross-reacting, ?-labeled goat antirabbit second antibody. It is present when antibody-coated beads alone are processed for SDS-PAGE (data not shown). The molecular weight standards were myosin 200,000 M, (200), phosphorylase B 100,000 M, (lOO), bovine serum albumin 69,000 M;, (69), and ovalbumin 46,000 M, (46). Distortion of the pattern in the 180,000-200,000 M, region of some samples is due to contamination with myosin. sity of staining for NCAM along prospective pathways in advance of the nerve front. In particular, we saw no differential distribution in NCAM immediately distal to the plexus region at stages 20-24 that could explain the delay in axonal advancement that occurs at this point between stages 20 and 23 (Tosney and Landmesser, 1985b) . However, in both the sclerotome and the limb NCAM was present within all regions through which axons grew. It will be interesting to determine if it is actually required for axon outgrowth, a possibility that we plan to test by applying function-blocking antibodies.
Further, while the adhesive function and tissue distribution of NCAM suggests that this molecule may be necessary for the growth of axons into the limb, it is probable that other factors are also involved. For example, in an analogous system, fibronectin is a preferred substratum for neural crest cells in culture ); yet, fibronectin alone does not precisely delineate crest cell pathways in the chick embryo, since it is present along a pathway lateral to the neural tube in the mesencephalon which crest cells do not colonize (see Fig. 5C in Duband and Thiery, 1982) . Moreover, in addition to fibronectin "interstitial bodies," ultrastructurally identifiable complexes of fibronectin, collagen, and glycosaminoglycans (Hay, 19'78) , are distributed congruently with all early neural crest pathways in the chick, are contacted by crest cell filipodia, and disappear following migration (Tosney, 1978,1982, and unpublished observations) . Similarly, in the chick limb both laminin (Rogers et aZ., 1984) and NCAM appear to be present within the pathways motoneurons follow and each is a good substrate for growth cones in vitro (Rogers et al., 1983; Rutishauser and Edelman, 1980) . In addition, the restriction of axons within pathways is likely to be influenced by the presence of adjacent, less adhesive substrate. For instance, large amounts of glycosaminoglycans, on which growth cones extend poorly in vitro (Carbonetto et al., 1983) have been detected with Alcian blue staining (Tosney and Landmesser, 1985b) ventral to the spinal nerve pathway as well as immediately distal to the plexus in a region shown experimentally to be a barrier to axonal outgrowth (Tosney and Landmesser, 1984) .
Specific Deployment of Axons in the Plexus Region
Specific guidance cues must also be postulated to explain the precise deployment of motoneuron axons in regions where substrate pathways branch. During normal development, motoneurons deploy with great precision in two such locations: the plexus region (LanceJones and Landmesser, 1981a) and the regions where muscle nerves diverge from nerve trunk pathways (Tosney and Landmesser, 1985b) .
Although NCAM is present at low to moderate levels on the mesenchymal cells of the plexus, there is no evidence to suggest that this molecule is expressed in a manner that could specify directly the appropriate rearrangement of axons according to their eventual targets that takes place in the plexus (Lance-Jones and Landmesser, 1981a) . Therefore, as in the case of tectal cues for optic axons in the chick visual system (Silver and Rutishauser, 1984) , we propose that NCAM may help to bring axons to the region where positional cues are expressed, but does not (except possibly in a supportive role) participate in their specific guidance.
Fasciculation of Nerves and Growth to
Appropriate Muscles NCAM is expressed on all motoneurons, and the ability of this molecule to promote the formation of nerve bundles has been documented both in vitro (Rutishauser et UC, 1978) and in viva (Thanos et al, 1984) . TWO sets of observations suggest that strong interneuronal adhesion may serve to spatially delimit the response of axons to specific cues. When the limb bud is rotated about the dorsal-ventral axis and the rotation is quite proximal (i.e., at the plexus level), axons are able to alter their trajectory and project to correct targets (Ferguson, 1983) . However, when rotations are made more distally, at a point where axons have already sorted out into nerve trunks, axons appear unable to sense their appropriate displaced targets and project indiscriminately to foreign muscle (Whitelaw and Hollyday, 1983b) . Strong adhesions among neurites may thus prevent axons from responding to specific environmental cues after leaving the plexus, and thereby from compensating after certain experimental manipulations (cf, Landmesser, 1984; Tosney and Landmesser, 1985a) .
We did not observe obvious differences in the intensity of staining for NCAM on nerves in the plexus versus the nerve trunk. However, the plexus is a loose tissue composed of small fascicles of axons interspersed among mesenchyme cells that stain only weakly for NCAM. At more distal levels where nerve trunks have formed, most axons are surrounded by other axons and this proximity alone would be expected to enhance fasciculation (Rutishauser and Edelman, 1980) and thereby promote the maintenance of fiber positions established in the plexus.
A high degree of adhesive interaction among the axons in this system is also suggested by the flattened, lamellepodial spreading of their growth cones on other neurites (Tosney and Landmesser, 1985a ; see also Al-Ghaith and Lewis, 1982) . The process of fasciculation, in part mediated by NCAM, may enhance the consolidation of axons into discrete spinal nerves and nerve trunks, preserve the sorting out of axons achieved in the plexus region by assuring that like axons remain together, and prevent premature divergence of axons from the nerve. Thus, while possibly acting primarily in a permissive manner, NCAM-mediated neuronal fasciculation could contribute to the specificity of the final innervation pattern.
We also observed that sensory axons stain less intensely for NCAM than do motoneurons during early stages of outgrowth. This differential distribution may simply reflect the fact that NCAM expression is altered in sensory neurons during their period of migration in the neural crest (Thiery et ak, 1982) . It could nevertheless also affect subsequent choices made by sensory growth cones (Honig, 1982) and may contribute to observed differences between sensory and motoneuron growth cones in both morphology and behavior. Although both types of axons grow out at approximately the same time, sensory growth cones are on the average considerably smaller and less lamellepodial than motoneuron growth cones (Tosney and Landmesser, 1985c) . Furthermore, when motoneurons are surgically removed prior to axon outgrowth, sensory axons appear to fasciculate less strongly in the plexus (i.e., spinal nerves converge only briefly and there appears to be minimal exchange of axons between them). Finally, in the absence of motoneurons, sensory neurons fail to project down muscle nerves (Landmesser and Honig, 1986) . There is therefore a clear difference in the responses of sensory and motoneuron growth cones to cues within the limb bud mesenchyme. The extent, if any, to which these differences in growth cone behavior are caused by differences in levels of NCAM remains to be determined.
Ramification within the Target
The increase in the intensity of staining for NCAM on myotubes is closely correlated with the ramification of axons within the early muscle masses. Although axons leave the major nerve trunks at stages 26-264 and project into the uncleaved primary muscle masses, it is only at stages 30-31, some 48 hr later, that individual axons diverge substantially from the main muscle nerves and begin to form small intramuscular nerve branches. In the intervening period, most motoneuron growth cones are found in contact with other axons within the major muscle nerves (Tosney and Landmesser, 1985a) . It would therefore appear that during this "waiting" period, growth cones find contact with other axons preferable to contact with the surrounding mesenchyme, which at this stage is composed of differentiating myotubes with relatively low amounts of NCAM. A large increase in the amount of NCAM on the surface of myotubes occurs between stages 28 and 32, and may alter the growth cones' adhesive preferences so that myotubes become an effective substratum for axonal growth. Thus the growth cones would be able to leave muscle nerves, ramify within the muscle mass, and form synapses. It is of course possible that the correlation that we have observed is fortuitous and that the egress of axons from the muscle nerve trunks is caused by other factors such as the secretion of trophic or neurite-inducing factors by the developing myotubes. Nevertheless, it is noteworthy that in contrast to limb axons, which pause before invading limb muscles, the myotomal axons enter the myotome with no apparent delay, forming elaborate and highly branched growth cones (Tosney and Landmesser, 1985a,c) . The cells composing the inner border of the myotome, which will differentiate into axial musculature, stain intensely for NCAM from the time that axons first leave the spinal cord.
NCAM does not appear to play a direct role in the specific guidance of motor axons in the plexus, Nevertheless, the delay in axon ramification within the muscle masses could contribute indirectly to the speci-ficity of muscle innervation, simply by preventing the approach of growth cones to presumptive boundaries between muscles until after muscle cleavage is complete. After such cleavages, growth cones would encounter clear physical boundaries, which do not contain high levels of NCAM, between their own and foreign muscles, and might therefore be restricted to their own muscle. It was in fact interesting that even within muscles, axon terminals seemed to be restricted to those regions of the muscle which contained myotubes with intense reactivity for NCAM.
NCAM could conceivably play a role in muscle cleavage itself by being differentially expressed within the premuscle masses. We did not observe a clear diminution in NCAM staining on mesenchyme cells that would predict where cleavage planes were going to form. However, since staining of mesenchyme cells was low to moderate, an actual decrease on cells along boundary regions might have gone undetected. A second way that NCAM could be involved would be if there is a nucleation phenomenon such that clusters of myotubes differentiate within one area of a prospective muscle and accretion of new myotubes occurs progressively up to the cleavage plane. It is clear from myosin ATPase staining of stage 27-30 limbs that initial differentiation of myotubes is clustered (L. Landmesser and H. Tanaka, unpublished observations) . Nevertheless, individual primary myotubes at these stages are separated from each other by extensive extracellular space, making it difficult to envision how NCAM-mediated adhesions could contribute to this accretion process.
Synaptic Interactions
Although the enhancement of NCAM expression on myotubes does not require the presence of nerves, as we have shown that it occurs with a similar time course in aneural limbs, several observations suggest that nervemuscle interactions are important in the subsequent regulation of this molecule. Recently, Couvalt and Sanes (1985) and Rieger et al. (1985) have shown that NCAM is present in high amounts on embryonic myotubes in the mouse and that it decreases to undetectable levels on mature muscle fibers except at end plates, but reappears following denervation. Thus the low level of NCAM on muscle in adult mouse does appear to be dependent on neuron-muscle interaction, presumably mediated by activity or a trophic substance.
We have found that the intensity of staining for NCAM remains high on myotubes throughout the period of synapse formation (Landmesser and Morris, 1975; Landmesser, 1978; Bekoff, 1976) and only begins to decline during the withdrawal of polyneuronal innervation (Bennett and Pettigrew, 1974; Srihari and Vrbova, 1978; Pockett, 1981) . Since the muscle basal lamina has not formed at the time of initial synapse formation (Hirano, 1967; Kikuchi and Ashmore, 1976) , the nerve terminal would come into direct contact with the surface of the myotube. NCAM on the surface of myotubes may thus play an important role in synapse formation onto primary myotubes and onto secondary myotubes as they are generated (see Rutishauser et aZ., 1983 , for relevant observations in culture). A role for NCAM during reinnervation or during the withdrawal of polyneuronal innervation is less easy to visualize, since a well-formed basal lamina separates NCAM on the myotube surface from the nerve terminal (cf, Nitkin et al, 1983) . However, NCAM at other sites, for example on glial cells or even in the basal lamina itself, could be involved.
As has already been observed for the mammal, we found that, around the time of hatching, NCAM expression on muscle declined dramatically, remaining intense only along axons and at presumed endplates. In addition, we observed that the decline in NCAM expression was asynchronous, occurring first on fast muscle fibers and then on slow. In most animals, including birds (Srihari and Vrbova, 1978) , slow and fast muscle fibers are activated with different patterns of activity, and in the chick embryo, individual motor units exhibit clear differences in activation patterns as early as stage 36 (O'Donovan, 1984) . Activation patterns are known to differ in mature muscles and are responsible for a number of phenotypic differences between fast and slow muscle fibers, including the speed of contraction and form of myosin (for review, see Jolesz and Sreter, 1981) . Thus one possibility is that NCAM expression is sensitive to the pattern of muscle fiber activation that is imposed by the fast or slow nature of the innervating motoneurons. However, it is somewhat puzzling that within either the fast or slow population of muscle fibers, NCAM immunoreactivity appeared to decrease on primary myotubes, which had been innervated and activated from stages 30-32 (Day 7) at approximately the same time as on secondary myotubes which had formed much later (stages 36-38, days 10-12). It is therefore possible that around hatching there is some overall change in the amount or pattern of muscle fiber activation which triggers the decline. Alternatively, a neuronal trophic signal or hormonal change may also be involved. It will now be of interest to determine if the abolition of nerve activity by pharmacological means can alter the different time courses in the decline of NCAM expression on fast or slow muscle fibers.
In summary, the distributions of NCAM in space and time in the chick limb have led us to propose multiple distinct roles for this molecule in axon outgrowth and synapse formation. These hypotheses make specific predictions which can now be tested by altering the function of NCAM in the embryo at various stages with specific antibodies as originally carried out on the visual system (Thanos et aL, 1984; Silver and Rutishauser, 1984) . For example, our hypotheses would suggest that the timely disruption of NCAM function could cause motor or sensory nerve outgrowth from the spinal cord to be abolished, delayed, more diffuse, or topographically abnormal. Similarly, disruption of adhesive interactions both in regions where specific deployment takes place and in the nerve trunk would be expected to result in less precise innervation. Finally, the inhibition of interactions between the muscle nerve and target may prevent or delay the ramification of growth cones within the target and thereby alter the normal patterns of synapse formation and stabilization.
